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http://dx.doi.org/10.1016/j.chembiol.2013.11.003Historically, famine has been one of
humanity’s greatest threats—it claimed
nearly 20–40 million lives in China in
1958-61, killed up to 4 million in 1943 in
India, and continues to plague the Sahel
region in Africa. On the whole, however,
far fewer people live in hunger today
than in the past. Thanks to the adoption
of mechanization, agrochemicals, and
high-yielding crops during the past 50
years, the average per capita calorie
intake in the developing world has
grown from about 2000 to more than
2,700 calories. One type of undernourish-
ment, however, continues to devastate
many populations: the ‘‘hidden hunger’’
of deficiency in essential minerals andOne type of undernourishment, however, continues to devastate
many populations: the "hidden hunger" of deficiency in essential
minerals and vitamins.vitamins. Although supplements and
fortified food are helping to tackle this
problem, they’re costly and sometimes
impractical. An alternative strategy is
to encourage farmers to switch to
specially bred staple cropswith enhanced
micronutrient levels; as a bonus, such
‘‘biofortified’’ varieties often yield more
than low-nutrient ones. ‘‘Using bio-
fortification, you can not only improve
nutrition, you can improve agricultural
productivity as well,’’ says Howarth
Bouis, director of HarvestPlus, theworld’s
leading biofortification program. ‘‘It’s a
win-win scenario.’’
Among the 17 minerals and 13 vitamins
essential to good health, three—iron, zinc,
and provitamin A—are of particular
concern to nutritionists. Nearly half the
world population is iron deficient, accord-
ing to Cornell University nutritionist
Jere Haas. Pregnant women, who need
iron themost, are often themost deficient;
infants born to such mothers often
become iron deficient themselves and
thereby suffer cognitively impairment.It’s also a major cause of maternal
mortality, especially if the mother loses
blood during childbirth. ‘‘In developing
countries where you have so much more
iron deficiency, this burden is amplified,’’
says Haas. Zinc deficiency too is wide-
spread in the developing world, causing
poor growth, childhood diarrhea, immune
dysfunction, and other health problems.
Another major threat to child health is
vitamin A deficiency, caused by insuffi-
cient provitamin A in the diet. As Johns
Hopkins University nutritionist Keith
West points out, this deficiency not only
impairs eyesight, it prevents the child’s
body from developing a strong barrier
defense immune system with healthymucus-secreting tissues essential for
warding off pathogens. ‘‘These kids
are not just going blind,’’ West says.
‘‘They are in the process of dying from
infection.’’
To see if vitamin A supplements could
prevent such tragic outcomes, West and
other researchers conducted a random-
ized trial in northern Sumatra in the early
1980s involving more than 450 villages
and 30,000 children. In this trial, re-
searchers gave participants a vitamin A
capsule every 6 months and observed
the health outcomes. The results were
dramatic. ‘‘We found that you could
reduce child mortality by a third by giving
each child 4 cents worth of vitamin A in
a single year,’’ recalls West. ‘‘It was a
seemingly impossible result.’’ Other trials
that followed got even better results by
supplementing more frequently or by
supplying the nutrient via fortified food
items. Encouraged by these outcomes,
UNICEF now distributes 400-600 million
vitamin A capsules in developing coun-
tries each year. Supplementation andChemistry & Biology 20, November 21, 2013 ªfortification are now used to fight iron,
zinc, iodine, and other deficiencies
as well. Although these programs are
effective, they’re expensive and require
continued commitment from donor
agencies and recipient governments. In
addition, fortification programs rely on
sophisticated food industries and distri-
bution systems, which often don’t exist
in remote, rural, underdeveloped areas
where micronutrient deficiencies may be
the most severe. ‘‘You’re not going to
have much of a public health effect if you
fortify yuppie ketchup for urban use,’’
says West. ‘‘You need a vehicle that can
penetrate the markets of the poor.’’
Enter biofortification, a self-sustaining
strategy that directly incorporates the
deficient micronutrients into the plant
staples that the rural poor grow and
consume, obviating external supply
mechanisms. ‘‘If you keep fortifying food
or providing supplements, you keep
having the same recurring cost,’’ says
Bouis. ‘‘If you could get the plants to
do the work instead, it would be a
lot cheaper and a lot more efficient.’’
Biofortification builds on the natural
genetic variability and corresponding
differences in micronutrient levels in
common crop varieties. Shannon Pinson,
a USDA plant geneticist, has found a
2-fold variation in iron levels and a 4-fold
variation in zinc levels in rice varieties
from around the world; other minerals
vary even more. ‘‘You see really wide
extremes,’’ she says. Other studies have
shown large mineral level variations in
maize, wheat, corn, and common beans.
Similar variations exist for provitamin
A and other carotenoids—yellow/orange
varieties of maize, cassava, and sweet
potato are much richer in this nutrient
than their white counterparts. Each of
these staples is now the focus of a
major breeding effort. ‘‘Deciding which
crop to fortify, what nutrients to enrich,
it’s a very heavy decision to make
because it’s a 20 year investment to
make it happen,’’ says West.2013 Elsevier Ltd All rights reserved 1305
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enriched crop, plant scientists first
evaluate the huge number of existing
plant varieties in germplasm banks, iden-
tify and cross promising parental strains,
and screen the hybrid progeny for the
nutrient level of interest. Screening for
mineral levels is now routine thanks to
recent innovations in mass spectrometry;
carotenoid levels can be roughly gauged
by the intensity of a sample’s yellow/
orange coloration. ‘‘The main challenge
for crop breeding now is generation
time,’’ says Cornell University plant
scientist Mark Sorrells, who is developing
biofortified varieties of winter wheat.
‘‘It typically takes a whole year to evaluate
a new experimental variety.’’ Further,
not all crosses work out as planned;
some hybrids inherit undesirable traits,
while others turn out to be sterile. ‘‘When
you take rice from China and cross it
with rice from the US, it’s like a mule
sometimes—it may not make any
seed for you to work with,’’ says Pinson.
The plant scientist typically needs to
perform several successful crosses
and backcrosses before a strong candi-
date emerges. This strain then goes to
plant breeders around the world, who
conduct several more breeding cycles
to adapt it to local conditions. Only
then is the plant ready for release to
farmers. ‘‘It can take 10–12 years to
develop a rice and get it to a breeder,’’
says Pinson. ‘‘It can then take the breeder
another 7 or 8 years to get it into a variety
that has high yields, good disease resis-
tance, etc.’’
Biotechnology could help speed up
this process. ‘‘In conventional breeding,
you need to do a tremendous amount of
reselection to get rid of the traits you
don’t want,’’ says Cathie Martin, a plant
geneticist at the John Innes Centre in
Norwich, UK. ‘‘Some of that can be cir-
cumvented using genetic modification.’’
A notable example of transgenic bio-
fortification is Golden Rice, a b-caro-
tene-enriched rice developed by the
Swiss Federal Institute of Technology in
2000. Although wild-type rice doesn’t
have b-carotene, it does make a precur-
sor of it called GGPP. In Golden Rice,
an inserted daffodil gene for the enzyme1306 Chemistry & Biology 20, November 21,phytoene synthase helps convert GGPP
into the compound phytoene, which then
turns into z-carotene. Another inserted
gene, of bacterial origin, helps turn the
z-carotene into lycopene; this compound,
via an existing biochemical pathway,
finally turns into b-carotene. ‘‘Fortunately
for rice it was not missing the entire
factory, it was only missing certain work
lines within it,’’ Pinson explains. Other
notable transgenic crops include high-
iron rice and high-provitamin-A varieties
of banana, sorghum, and cassava. With
further technical advances, one could
even create ‘‘supercrops’’ that provide
a whole range of essential minerals
and vitamins. Getting transgenic crops
accepted, however, is a tough challenge.
When Martin tried to commercialize a
transgenic antioxidant-enriched purple
variety of tomato, she couldn’t find a
buyer; now she’s planning to market
a seed-free juice product instead. ‘‘The
great advantage with conventional
mutagenesis is that you can apply it
almost immediately,’’ she says. Most bio-
fortification efforts, therefore, favor the
conventional approach.
Even conventional biofortification,
however, faces skepticism. Many
breeders fear that higher nutrient levels
will translate into low yields. ‘‘In my expe-
rience, when the yield is increased, the
concentration of micronutrients such as
zinc or copper decreases,’’ says plant
nutritionist Nand Kumar Fageria of the
EMBRAPA research center in Brazil.
‘‘There’s always a negative correlation.’’
Bouis and other biofortification propo-
nents disagree; they point out, as a
counterexample, that higher zinc levels
promote seedling vigor and viability,
which improves yield especially from
zinc-deficient soils. Furthermore, bio-
fortification researchers typically bundle
high micronutrient levels with other desir-
able agronomic traits. For instance, a
high-iron bean released in Congo last
year offers enhanced heat/drought
tolerance and a high-zinc wheat commer-
cialized this year in India features better
disease resistance. While farmers may
appreciate these traits, consumer accep-
tance may still be a hurdle; for example,
many cultures favor white grains and2013 ª2013 Elsevier Ltd All rights reservedtubers over the more nutritious yellow/
orange versions. Even here, however,
consumer education and community
engagement can help change percep-
tions, as was shown in a trial of b-caro-
tene-rich orange sweet potato in
Mozambique and Uganda in 2007. A
follow-up study 2 years later showed
that nearly two-thirds of the 24,000
households in the trial region had con-
verted at least half their land to the new
variety. ‘‘If we tell them about vitamin
A deficiency and the consequences for
their children, the orange color is not a
barrier,’’ says Bouis. Similar results are
reported by Abebe Menkir, a HarvestPlus
maize breeder based in Nigeria. ‘‘In West
Africa, people don’t have a problem with
accepting yellow maize,’’ he says.
Finally, and most importantly, does
biofortification really help improve health
outcomes? The concept is still too new
to tell, but preliminary results seem
encouraging. The orange sweet potato
project mentioned above reduced the
incidence of vitamin A deficiency in a
subset of participating Ugandan children
from 50% to 12%. ‘‘They basically
doubled their vitamin A,’’ says Bouis. In
Zambia, studies aimed at boosting
vitamin A levels in children with orange
maize are being completed. Iron bio-
fortification, too, appears promising. A
recent HarvestPlus study in India found
that schoolchildren consuming high-iron
pearl millet enjoyed significant increases
in their blood iron status; researchers
are now determining how this translates
into improvements in work capacity,
cognitive ability, and other functional
measures. When results from this and
other long-term studies become avail-
able, biofortification advocates are con-
fident that their crop-based approach
will be validated. ‘‘We must stop seeing
micronutrient malnutrition as a disease
that should be treated using a medical
approach,’’ says Cornell University plant
physiologist and biofortification pioneer
Ross Welch. ‘‘We must see that its root
cause always lies in what agriculture is
doing.’’Chandra Shekhar (chandra@nasw.org) is a
science writer based in Princeton, NJ.
